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CRISPR-Cas9 is the forefront technology for editing the genome. In this system,
the Cas9 protein is programmed with guide RNAs to process DNA sequences that
match the guide RNA forming an RNA:DNA hybrid structure. However, the binding of
DNA sequences that do not fully match the guide RNA can limit the applicability of
CRISPR-Cas9 for genome editing, resulting in the so-called off-target effects. Here,
molecular dynamics is used to probe the effect of DNA base pair mismatches within the
RNA:DNA hybrid in CRISPR-Cas9. Molecular simulations revealed that the presence
of mismatched pairs in the DNA at distal sites with respect to the Protospacer
Adjacent Motif (PAM) recognition sequence induces an extended opening of the
RNA:DNA hybrid, leading to novel interactions established by the unwound nucleic
acids and the protein counterpart. On the contrary, mismatched pairs upstream of the
RNA:DNA hybrid are rapidly incorporated within the heteroduplex, with minor effect
on the protein-nucleic acid interactions. As a result, mismatched pairs at PAM distal
ends interfere with the activation of the catalytic HNH domain, while mismatches fully
embedded in the RNA:DNA do not affect the HNH dynamics and enable its activation
to cleave the DNA. These findings provide a mechanistic understanding to the intriguing
experimental evidence that PAM distal mismatches hamper a proper function of HNH,
explaining also why mismatches within the heteroduplex are much more tolerated. This
constitutes a step forward in understanding off-target effects in CRISPR-Cas9, which
encourages novel structure-based engineering efforts aimed at preventing the onset of
off-target effects.
Keywords: CRISPR-Cas9, off-target effects, protein-nucleic acid interactions, molecular dynamics, RNA:DNA
hybrid
INTRODUCTION
CRISPR (clustered regularly interspaced short palindromic repeats)-Cas9 is the core of a
transformative genome editing technology that is innovating life science with cutting-edge
impact in basic and applied biosciences (Doudna and Charpentier, 2014; Hsu et al., 2014). This
technology is based on a protein/nucleic acid complex, composed of the endonuclease Cas9, which
associates with guide RNAs to recognize and cleave complementary DNA sequences (Figure 1;
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GRAPHICAL ABSTRACT | Molecular basis of off-target effects in
CRISPR-Cas9.
Jinek et al., 2012). The Cas9 protein performs a site-specific
recognition of the DNA, by binding a short sequence of 2–5
nucleotides, known as a Protospacer-Adjacent Motif (PAM),
located within the DNA (Sternberg et al., 2014). Upon
PAM binding, the DNA base pairs guide the RNA with
one strand (i.e., the so-called target strand, TS) to form an
20 base-paired RNA:DNA hybrid structure, while the other
DNA non-target strand (NTS) is displaced and subsequently
accommodated in the protein.
The formation of a well-matched RNA:DNA hybrid is a
fundamental step of the CRISPR-Cas9 function (Sternberg et al.,
2015). Indeed, upon formation of the RNA:DNA hybrid, the
catalytic HNH domain can change conformation from an
inactive state (in which the catalysis is hampered, Figure 1A;
Anders et al., 2014; Nishimasu et al., 2014) to a catalytically
active conformation, which approaches the cleavage site on the
TS (Figure 1B; Jiang et al., 2016). In spite of this fundamental
requirement, the presence of DNA mismatches at specific
positions of the RNA:DNA hybrid still enables the partial
activation of the HNH domain (Fu et al., 2013; Hsu et al., 2013).
This leads to the off-target cleavages, which limit the applicability
of CRISPR-Cas9, resulting in mutations at sites in the genome
other than the desired target site. Several biophysical studies
have investigated the effect of base pair mismatches within the
RNA:DNA hybrid on the conformational dynamics of CRISPR-
Cas9 (Singh et al., 2016; Chen et al., 2017; Dagdas et al., 2017;
Yang et al., 2018). Single molecule and kinetics studies have
revealed that the presence of 4 base pair mismatches at PAM
distal ends can trap the catalytic HNH domain in an inactive
conformation also referred to as “conformational checkpoint”
(Figure 1, shown as a cartoon in panel A and as a 3D structure
in panel B) (Dagdas et al., 2017). As a consequence, the cleavage
of the TS gets hampered owing to lack of conformational
changes that bring HNH in immediate vicinity to the cleavage
site. Inversely, up to 3 base pair mismatches at PAM distal
ends still allow the repositioning of HNH, thereby resulting
in off-target cleavages. These studies indicate the occurrence
of off-target cleavage is linked to the conformational states of
HNH. In a recent computational study, we employed molecular
dynamics (MD) simulations to investigate the factors affecting
the HNH conformational dynamics prior to activation (Ricci
et al., 2019). Our study employed the Gaussian accelerated
MD (GaMD) method (Miao et al., 2015), to broadly explore
the conformational space of CRISPR-Cas9 in complex with an
on-target DNA and in the presence of base pair mismatches.
These simulations have revealed that the presence of 4 base
pair mismatches at PAM distal sites (i.e., at positions 17–20
of the RNA:DNA hybrid) induced an extended opening of the
RNA:DNA hybrid, with formation of conserved interactions
between the TS and the HNH domain. This effectively decreased
the conformational mobility of the HNH domain. Contrariwise,
up to 3 base pair mismatches (at positions 18–20) display a lower
conformational effect on the RNA:DNA hybrid, and do not affect
the conformational dynamics of HNH. These simulations thereby
provided a theoretical rationale for the experimental evidence
describing the molecular interactions that “lock” HNH in the
presence of 4 base pair mismatches at PAM distal ends (Chen
et al., 2017; Dagdas et al., 2017; Yang et al., 2018).
However, mechanistic investigations of how DNA mismatches
located upstream of the RNA:DNA heteroduplex affect the
conformational dynamics of the hybrid structure and the HNH
“conformational checkpoint” are absent. Knowledge of the
conformational changes arising from base pair mismatches in
the middle of the RNA:DNA hybrid are important to gain a
deeper understanding of the molecular determinants of off-target
binding, which consequently may offer insights for improving the
specificity of CRISPR-Cas9. Moreover, understanding how base
pair mismatches affect the RNA:DNA structure is important to
characterize the dynamics of the heteroduplex itself. This is a
key point considering the importance of RNA:DNA hybrids in a
variety of biological processes, such as transcription, formation
of Okazaki’s fragments and R-loop structures, as well as in
eukaryotic chromosomes (Cheatham and Kollman, 1997; Rich,
2006; Shaw and Arya, 2008; Nadel et al., 2015; Palermo, 2019a;
Terrazas et al., 2019).
In this research report, we extend our recent investigations to
4 additional model systems, which include base pair mismatches
upstream of the RNA:DNA hybrid (Figure 1). Analysis of the
results has been performed in comparison with our recently
published data, Ricci et al. (2019) thereby evaluating similarities
and differences with base pair mismatches at PAM distal ends
and with an on-target DNA. We show that while base pair
mismatches at PAM distal sites induce an opening of the
RNA:DNA hybrid, at upstream positions they are incorporated
within the heteroduplex, with minor effect on the protein-nucleic
acid interactions. Additionally, mismatches at PAM distal sites
limit the mobility of HNH in the “conformational checkpoint”
state and consequently affect its activation toward DNA cleavage.
Conversely, mismatched pairs within the heteroduplex do
not affect the dynamics of HNH, which can freely change
conformation as needed to perform DNA cleavages.
RESULTS AND DISCUSSION
To understand the effect of DNA mismatch pairs within
the RNA:DNA hybrid on the conformational dynamics of
CRISPR-Cas9 and on the HNH domain, we carried out molecular
simulations. These investigations have been carried out in
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FIGURE 1 | (A,B) Cartoon of the endonuclease Cas9 (gray) in complex with the nucleic acids. The DNA target strand (TS, cyan) base pairs the guide RNA
(magenta), forming an RNA:DNA hybrid, while the DNA non-target strand (NTS, blue), which also includes the PAM recognition region (red), is displaced. Two
conformational states of the catalytic HNH domain (green) are shown. In (A), HNH assumes an inactive “conformational checkpoint” state, which requires a
conformational transition (indicated using green arrows) to reach the activated state (B), where it approaches the cleavage site on the TS (indicated using a star). On
the bottom panel, a close-up view of the RNA:DNA hybrid highlights the regions at PAM distal ends and within the heteroduplex. In this work, base pair mismatches
“mm” have been introduced at positions 17–20, 16–17, 14–15, 12–13, and 10–11 (shown in black). (C) X-ray structure of CRISPR-Cas9 identifying the
“conformational checkpoint” state (Fu et al., 2013). The protein is shown in molecular surface, with the HNH domain in green. The nucleic acids are shown as
ribbons, color-coded as in the cartoon in panel (A).
analogy to our recent study, which has investigated the effect
of mismatch pairs at PAM distal ends (Ricci et al., 2019).
In detail, molecular simulations have been performed on the
X-ray structure of CRISPR-Cas9 capturing a “conformational
checkpoint” state of the HNH domain (i.e., 4UN3.pdb) (Anders
et al., 2014), thereby enabling us to understand if and how
base pair mismatches could affect the dynamics of HNH prior
its activation. A GaMD method has been employed (Miao
et al., 2015), adding a boost potential to the simulation that
accelerates transitions between low-energy states (see section
“Materials and Methods”). The method has been shown to
enhance a broad sampling of the conformational space in
large biomolecular systems (Miao and McCammon, 2016, 2018;
Wang and Chan, 2017; Liao and Wang, 2018; Sibener et al.,
2018), including CRISPR-Cas9 as apo form and in complex
with nucleic acids (Palermo et al., 2017; Palermo, 2019b), or
bound to off-target DNAs (Ricci et al., 2019). Recently, GaMD
has shown to sample long time scale motions in agreement
with NMR relaxation experiments, showing that the method
can efficiently capture the dynamics of large protein/nucleic
acid complexes (East et al., 2020). A set of model systems
have been built; introducing couples of base pair mismatches
“mm” within the hybrid complex at positions 10 to 17 (i.e.,
mm@10–11, @12–13, @14–15, and @16–17, Figure 1A, bottom
panel). The dynamics of these systems have been compared
with the simulations of CRISPR-Cas9 binding to an on-target
DNA and including 1 to 4 mismatches at PAM distal sites
(i.e., mm@17–20, @18–20, @19–20, and @20), which we have
recently published (Ricci et al., 2019). For each system, ∼1 µs
of conformational sampling has been performed (see section
“Materials and Methods”), as in our previous study and by
employing the same simulations conditions, thereby enabling
proper comparison.
Dynamics of the RNA:DNA Hybrid in the
Presence of DNA Mismatches
Molecular dynamics simulations of CRISPR-Cas9 bound to a
fully matched RNA:DNA hybrid (i.e., on-target system) have
revealed a stable Watson-Crick base pairing (Figure 2A, left
panel), both at PAM distal ends and within the heteroduplex.
Notably, transient openings at the end of a DNA duplex, or base
Frontiers in Molecular Biosciences | www.frontiersin.org 3 March 2020 | Volume 7 | Article 39
fmolb-07-00039 March 14, 2020 Time: 17:26 # 4
Mitchell et al. Off-Target Effects in CRISPR-Cas9
FIGURE 2 | (A) Conformations adopted by the RNA:DNA hybrid, in the presence of an on-target DNA (left), including base pair mismatches “mm” at PAM distal
ends (center) and within the heteroduplex (right). (B) Minor groove width measured at different levels of the RNA:DNA hybrid (i.e., from base pair bp20 to bp9) in the
systems including “mm” at PAM distal ends (top panel) and within the heteroduplex (bottom panel). Data are compared with the on-target system. (C) Each graph
reports the probability distribution (as violin plot) of the Propeller Twist angle for each base pair (bp) from PAM distal ends (bp19 to bp17) up to the middle of the
RNA:DNA hybrid (bp16 to bp13), computed along the dynamics of each simulated system (reported on the x-axis). Regions of major and minor distortions are
highlighted using boxes.
flipping are not unusual over long timescales in MD simulations,
as shown by several research groups (Pérez et al., 2007, 2008;
Mura and McCammon, 2008; Ricci et al., 2010; Ma et al.,
2016). However, in the simulations of the on-target CRISPR-
Cas9 system, the RNA:DNA hybrid maintains the Watson-Crick
base pairing, stabilized by the protein framework, as observed
in several conventional and GaMD simulations of this system
(Palermo et al., 2016, 2017). Contrariwise, in the presence of base
pair mismatches at PAM distal ends (i.e., at positions 16 to 20),
we previously observed the opening of the RNA:DNA hybrid
(central panel) (Ricci et al., 2019). Here, when we introduce DNA
mismatches at the upstream positions (i.e., @10–11, @12–13,
and @14–15), we detect that the RNA:DNA hybrid preserves
its overall shape (right panel), similarly to what observed in
the on-target system. In order to estimate the conformational
changes of the RNA:DNA hybrid, we analyzed in all simulated
systems, the minor groove width from PAM distal ends up to
the middle of the RNA:DNA hybrid (Figure 2B). As a result,
we observe that the presence of base pair mismatches at PAM
distal ends (i.e., mm@17 to 20) induced an increase of the minor
groove width at positions 18–20, which corresponds to the hybrid
opening. Notably, the hybrid opening is also observed when
including mismatches at positions 16 and 17. This indicates that,
perturbations at position 17 (as in the mm@17–20 and mm@16–
17 systems) lead to major distortions in the heteroduplex.
Conversely, when introducing mismatches at positions 10–11,
12–13, and 14–15, the minor grove width of the RNA:DNA
hybrid preserves the conformation of the on-target system.
To understand the effects of the base pair mismatches on
the Watson-Crick base pairing, we have used a key geometrical
descriptor of the base pair complementarity. We have selected
the Propeller Twist parameter (Figure 2C), which describe the
rotation of couples of base pairs with respect to each other. Based
on our previous study, this parameter enables us to properly
characterize alterations in the base pairing along the RNA:DNA
hybrid (Ricci et al., 2019). Figure 2C reports the distribution of
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the Propeller Twist angle along the dynamics for each base pair
from PAM distal ends up to the middle of the RNA:DNA hybrid
(i.e., from base pair bp20 to bp9). This analysis shows that the
presence of base pair mismatches at positions 16 to 20 induces
the remarkable loss of base pairing at PAM distal ends, as shown
in the mm@20, mm@19–20, mm@18–20, mm@17–20, and in
the mm@16–17 systems (“major distortion” in Figure 2C). On
the contrary, the geometrical requirements for the base pairing
reveal “minor distortion” for mismatches within the RNA:DNA
hybrid (i.e., mm@10–11, mm@12–13, and mm@14–15). Notably,
this local distortion is due to the loss of base pair interactions
(mainly H-bonds), which is typical between DNA mismatched
pairs. However, the analysis of the minor grove width (Figure 2B)
shows that the hybrid preserves its overall shape when base
pair mismatches are introduced in the middle of the structure.
Hence, a combined analysis of the minor grove width and the
base pair complementarity reveal that the presence of base pair
mismatches within the hybrid does not influence the overall
shape of the RNA:DNA hybrid, and that base pair mismatches
result embedded within the heteroduplex structure.
Mobility of the HNH Domain in the
Presence of DNA Mismatches
Our previous study has revealed that in the presence of 4 base
pair mismatches at PAM distal ends, the DNA TS establishes
conserved interactions with the HNH domain (Ricci et al.,
2019). These interactions restrict the mobility of HNH and
affect its conformational activation toward DNA cleavage, while
also contributing to the widening of the RNA:DNA hybrid.
Here, in order to assess the conformational mobility of HNH
in the presence of base pair mismatches within the RNA:DNA
hybrid, we performed Principal Component Analysis (PCA).
This analysis enabled to capture the essential degrees of freedom
of the HNH domain (see section “Materials and Methods”). PCA
has been carried out in comparison with the on-target system
and with the system including 4 base pair mismatches at PAM
distal ends (i.e., mm@17–20). Figure 3A reports the dynamics of
the HNH domain along its first mode of motion (i.e., Principal
Component 1, PC1), shown using arrows to indicate the direction
and relative amplitude of the motions. The top panel shows a
comparison between the system binding an on-target DNA and in
the presence of 4 base pair mismatches at positions 17–20. In the
mm@17–20 system, we observe that the unwound TS approaches
the arrows corresponding to the HNH principal motion. A close-
up view displays the interactions established by the DNA and
the residues of the HNH domain. Notably, these interactions are
stable along the dynamics, as discussed in our previous paper.
The bottom panel reports the PCA analysis for the simulated
systems including base pair mismatches within the RNA:DNA
hybrid. We observe that for base pair mismatches at positions
16–17, the TS displays a similar unwinding of the mm@17–20
system, with conserved interactions established with the HNH
domain (close-up view). Indeed, the interaction between the
FIGURE 3 | (A) “Essential dynamics,” (Amadei et al., 1993) derived from the first principal component (PC1), of the HNH domains in CRISPR-Cas9, binding an
on-target DNA and base pair mismatches “mm” at positions 17–20 (top panel), 16–17, 14–15, 12–13, and 10–11 (bottom panel). PC1 is plotted on the
three-dimensional structure of HNH (green) using arrows of sizes proportional to the amplitude of motions. The RNA:DNA hybrid is also shown. For the mm@17–20
and mm@16–17 systems, a close-up view shows the interaction between the unwound non-target strand and the HNH domain. (B) Projections of the first and
second principal motions (PC1 vs. PC2) for the HNH domain in the simulated systems (listed in the legend).
Frontiers in Molecular Biosciences | www.frontiersin.org 5 March 2020 | Volume 7 | Article 39
fmolb-07-00039 March 14, 2020 Time: 17:26 # 6
Mitchell et al. Off-Target Effects in CRISPR-Cas9
FIGURE 4 | (A) Cross-Correlation (CCij ) matrices computed between the HNH α-helices that locate in proximity of the hybrid (x-axis), and the DNA TS from position
b20 to position b9 (y-axis). The CCij coefficients are computed between the protein Cα and the DNA phosphate atoms. Data are reported for CRISPR-Cas9 binding
an on-target DNA and including base pair mismatches “mm” at positions 17–20 (top panel), as well as with “mm” at positions 16–17, 14–15, 12–13, and 10–11
(bottom panel). Positive correlations (CCij ≥ 0) are shown in magenta, whereas anti-correlated motions display negative correlations (CCij ≤ 0) are shown in green
(legend on the bottom right). Two boxes indicate highly coupled motions in the mm@17–20 and mm@16–17 systems. (B) Cartoon of the system, displaying the
regions used to compute the CCij matrix. The HNH domain is shown as cartoon (green), with the α-helices HxA (residues 890–900, red), HxB (residues 901–910,
yellow) and HxC (residues 911–920, orange) in different colors. The RNA (violet) and the DNA TS (cyan) are shown as ribbons.
nucleobases at position 17 and R904 is conserved in the two
systems. This indicates that local distortions due to mismatched
nucleobases at position 17, which is in close proximity to the
HNH (α-helices, can critically affect the dynamics of HNH. We
note that the interaction established at position 17 involves the
DNA backbone (rather than the nucleobases), which suggests that
this interaction is not specific, but rather could be established
also in the presence of different mismatched nucleobases. This
hypothesis, however, warrants further investigations, which are
currently ongoing in our lab as a follow-up of this study.
On the contrary, base pair mismatches @10–11, @12–13, and
@14–15 do not result in the approach of the TS to the HNH
domain, resembling what observed the dynamics of the on-target
system (top panel).
In order to characterize the conformational space sampled by
the HNH domain, we plotted the first versus the second principal
components (PC1 vs. PC2, Figure 3B). This analysis revealed
that in the mm@17–20 system, HNH explores a narrower
conformational space with respect to the remaining systems,
indicating a diminished mobility. A narrow conformational space
is also observed for the mm@16–17 system. As discussed above,
in these two systems, the TS tightly interacts with the HNH
domain, thereby limiting its conformational dynamics. In the
systems including base pair mismatches within the RNA:DNA
hybrid, the HNH domain assumes a wider conformational space,
similar to what observed in the on-target system. This indicates
that the dynamics of HNH is not significantly affected by base
pair mismatches in the middle of the RNA:DNA hybrid.
To further characterize the mobility of the systems and to
understand the relation between the dynamics of the nucleic acids
and the HNH domain, we performed cross-correlation (CCij)
analysis. This analysis enabled us capturing coupled motions
between the protein Cα atoms and the TS phosphate atoms
(details in the see section “Materials and Methods”). Figure 4A
reports the CCij matrices computed between the residues of
the HNH α-helices that locate in proximity of the hybrid,
and the TS bases from position b20 (PAM distal ends) to
position b9 (within the hybrid). Positive correlations (CCij = 0,
magenta) indicate highly coupled motions in the same direction,
whereas anti-correlated motions display negative correlations
(CCij = 0, green). A cartoon of the system, highlighting the
regions used to compute the cross-correlations is shown in
Figure 4B. For the sake of the clarity, the HNH α-helices
in proximity of the hybrid are indicated in red (residues
890–900, Helix–A), yellow (901–910, Helix–B) and orange
(911–920, Helix–C).
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As a result of this analysis, in the presence of mismatches
at PAM distal ends (i.e., in the mm@17–20 system) and at
positions 16–17 (mm@16–17 system), Helix–A and Helix–B
are highly correlated with the TS bases from position 18 to
14 (as highlighted using a box in Figure 4A). This indicates
that the dynamics of the HNH and of the TS are mutually
affected by each other, when in the presence of mismatched
pairs at PAM distal ends. Moreover, we note that in the
presence of mismatches at PAM distal ends, the DNA TS
mainly interacts with Helix–B (Figure 3A, and also shown by
Ricci and coauthors) (Ricci et al., 2019), thereby affecting its
conformational dynamics. Inversely, in the systems displaying
base pair mismatches at upstream positions (mm@14 to 10), as
well as in the on-target system, a weakening of the correlated
motions can be seen. In these systems, there are no interactions
being established between the TS and the HNH domain, signified
by the diminished correlations between them. Overall, the
cross-correlation analyses confirm that the presence of base
pair mismatches at PAM distal ends affects the dynamics of
HNH, while mismatches at upstream positions do not exert a
relevant effect.
CONCLUSION
Here, molecular simulations have been used to characterize
the conformational dynamics of CRISPR-Cas9 in the presence
of base pair mismatches within the RNA:DNA hybrid. The
simulations have shown that the presence of base pair mismatches
at PAM distal ends of the RNA:DNA hybrid (i.e., positions
20 to 17) induce an opening of the heteroduplex (Ricci et al.,
2019). As a result, newly formed interactions between the
DNA TS and the catalytic HNH domain have been shown to
“trap” HNH in an inactive “conformational checkpoint” state,
hampering its activation for cleavage. On the contrary, base pair
mismatches at upstream positions (i.e., within the RNA:DNA
hybrid, at positions 14 to 10) are incorporated within the
heteroduplex, with minor effect on the protein-nucleic acid
interactions. Indeed, the presence of DNA mismatches within
the hybrid does not affect the mobility of HNH, which is
similar to that of the on-target system (Figure 3). This suggests
that mismatched base pairs within the RNA:DNA hybrid do
not interfere with the process of HNH activation (Figure 1A),
where HNH changes in configuration from its “conformational
checkpoint” state to an activated form are prone to cleave
the DNA TS (Figures 1A,B). Notably, these results agree with
existing experimental studies and offer a rationale to the observed
outcomes. Indeed, the presence of DNA mismatches at PAM
distal ends has been experimentally shown to trap HNH in
a “conformational checkpoint” state, likely due to interactions
established with the DNA TS, as previously suggested (Singh
et al., 2016; Chen et al., 2017; Dagdas et al., 2017; Yang et al.,
2018). However, mismatches in the middle of the hybrid are
much more tolerated than at PAM distal ends, and lead to DNA
cleavages. In light of this fact, our results indicate that mismatches
at upstream positions (i.e., positions 14 to 10) still allow to
preserve the overall structure of the RNA:DNA, without affecting
the conformational dynamics of the catalytic HNH domain.
As such, HNH can freely change conformation as needed to
perform DNA cleavages (Figures 1A,B). Overall, this research
report constitutes a step forward in understanding the effect of
DNA mismatches within the RNA:DNA hybrid in CRISPR-Cas9,
offering insightful information on off-target effects. This work
also forms the basis for further investigation, to characterize the
effect of DNA mismatches along the entire RNA:DNA hybrid
and therefore to report an atomic-level understanding also for
DNA mismatches at PAM-proximal sites (i.e., positions 1 to
9). These studies are currently ongoing in our laboratory, as
inspired from the current work, taking also into account different
conformations of the HNH (Figure 1A) domain and diverse
mismatched nucleobases. Finally, we note that understanding
how mismatched pairs affect the heteroduplex structure is per
se important to understand the function of RNA:DNAs, which
are critical in a variety of biological processes (Cheatham and
Kollman, 1997; Rich, 2006; Shaw and Arya, 2008; Nadel et al.,
2015; Palermo, 2019a; Terrazas et al., 2019).
In summary, this study provides an atomic-level
understanding of the dynamic effects of the binding of DNA base
pair mismatches within the RNA:DNA hybrid in CRISPR-Cas9.
As a take-home message, the presence of mismatched pairs at
distinctive locations of the RNA:DNA hybrid produces different
conformational effects, which affect the protein counterpart.
Specifically, mismatched pairs at PAM distal ends interfere with
the activation of the catalytic HNH domain, while mismatches
fully embedded in the RNA:DNA do not affect the HNH
dynamics and enable its activation to cleave the DNA. This
provides a reasonable explanation on why off-target sequences
holding mismatches at PAM distal ends are less likely to produce
DNA cleavages in CRISPR-Cas9, than mismatched pairs within
the heteroduplex, as experimentally observed (Singh et al.,
2016; Chen et al., 2017; Dagdas et al., 2017; Yang et al., 2018).
These findings contribute in understanding the mechanistic
basis of off-target effects in CRISPR-Cas9 and encourage novel
experimental studies aimed at designing more specific variants
of the system that prevent the onset of off-target effects.
MATERIALS AND METHODS
Structural models have been based on the X-ray structure of the
Streptococcus pyogenes CRISPR-Cas9 complex (4UN3.pd, 2.58 Å
resolution) (Anders et al., 2014) which captures the inactivated
state of the HNH domain (i.e., “conformational checkpoint”)
(Dagdas et al., 2017). MD simulations have been performed
applying a well-established protocol for protein/nucleic acid
complexes, which employs the Amber ff12SB force field,
including the ff99bsc0 (Perez et al., 2007) corrections for DNA
and the ff99bsc0+(χOL3 (Banas et al., 2010; Zgarbova et al., 2011)
corrections for RNA. To broadly explore the conformational
space of CRISPR-Cas9, we employed a recent accelerated MD
(aMD) simulations method (Miao et al., 2015). Specifically,
we applied a Gaussian aMD (GaMD) method, which adds a
harmonic boost potential to smoothen the potential energy
surface, thereby decreasing energy barriers and accelerating
transitions between the low-energy states (a complete description
of the method is reported as a Supplementary Material).
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The method has extended the use of aMD to large biomolecular
systems, with applications of this method to G-protein coupled
receptors (Miao and McCammon, 2016, 2018), the Mu opioid
receptor (Wang and Chan, 2017; Liao and Wang, 2018), T-cell
receptors (Sibener et al., 2018), and CRISPR-Cas9 (Palermo et al.,
2017; Palermo, 2019b; Ricci et al., 2019).
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